1 The role of undisturbed tropical land ecosystems in the global carbon budget is not well understood. It has been suggested that interannual climate variability can affect the capacity of these ecosystems to store carbon in the short term. In this paper, we use a transient version of the Terrestrial Ecosystem Model (TEM) to estimate annual carbon storage in undisturbed Amazonian ecosystems during the period 1980-94, and to understand the underlying causes of the year-toyear variations in net carbon storage for this region. 2 We estimate that the total carbon storage in the undisturbed ecosystems of the Amazon Basin in 1980 was 127.6 Pg C, with about 94.3 Pg C in vegetation and 33.3 Pg C in the reactive pool of soil organic carbon. About 83% of the total carbon storage occurred in tropical evergreen forests. Based on our model's results, we estimate that, over the past 15 years, the total carbon storage has increased by 3.1 Pg C (+ 2%), with a 1.9-Pg C (+2%) increase in vegetation carbon and a 1.2-Pg C (+4%) increase in reactive soil organic carbon. The modelled results indicate that the largest relative changes in net carbon storage have occurred in tropical deciduous forests, but that the largest absolute changes in net carbon storage have occurred in the moist and wet forests of the Basin. 3 Our results show that the strength of interannual variations in net carbon storage of undisturbed ecosystems in the Amazon Basin varies from a carbon source of 0.2 Pg C/year to a carbon sink of 0.7 Pg C/year. Precipitation, especially the amount received during the drier months, appears to be a major controller of annual net carbon storage in the Amazon Basin. Our analysis indicates further that changes in precipitation combine with changes in temperature to affect net carbon storage through influencing soil moisture and nutrient availability. 4 On average, our results suggest that the undisturbed Amazonian ecosystems accumulated 0.2 Pg C/year as a result of climate variability and increasing atmospheric CO 2 over the study period. This amount is large enough to have compensated for most of the carbon losses associated with tropical deforestation in the Amazon during the same period. 5 Comparisons with empirical data indicate that climate variability and CO 2 fertilization explain most of the variation in net carbon storage for the undisturbed ecosystems. Our analyses suggest that assessment of the regional carbon budget in the tropics should be made over at least one cycle of El Niño-Southern Oscillation because of interannual climate variability. Our analyses also suggest that proper scaling of the site-specific and subannual measurements of carbon fluxes to produce Basin-wide flux estimates must take into account seasonal and spatial variations in net carbon storage.
In this paper, we use a transient version of the Terrestrial Ecosystem Model (TEM) to estimate annual carbon storage in undisturbed Amazonian ecosystems during the period 1980-94, and to understand the underlying causes of the year-toyear variations in net carbon storage for this region. 2 We estimate that the total carbon storage in the undisturbed ecosystems of the Amazon Basin in 1980 was 127.6 Pg C, with about 94.3 Pg C in vegetation and 33.3 Pg C in the reactive pool of soil organic carbon. About 83% of the total carbon storage occurred in tropical evergreen forests. Based on our model's results, we estimate that, over the past 15 years, the total carbon storage has increased by 3.1 Pg C (+ 2%), with a 1.9-Pg C (+2%) increase in vegetation carbon and a 1.2-Pg C (+4%) increase in reactive soil organic carbon. The modelled results indicate that the largest relative changes in net carbon storage have occurred in tropical deciduous forests, but that the largest absolute changes in net carbon storage have occurred in the moist and wet forests of the Basin. 3 Our results show that the strength of interannual variations in net carbon storage of undisturbed ecosystems in the Amazon Basin varies from a carbon source of 0.2 Pg C/year to a carbon sink of 0.7 Pg C/year. Precipitation, especially the amount received during the drier months, appears to be a major controller of annual net carbon storage in the Amazon Basin. Our analysis indicates further that changes in precipitation combine with changes in temperature to affect net carbon storage through influencing soil moisture and nutrient availability. 4 On average, our results suggest that the undisturbed Amazonian ecosystems accumulated 0.2 Pg C/year as a result of climate variability and increasing atmospheric CO 2 over the study period. This amount is large enough to have compensated for most of the carbon losses associated with tropical deforestation in the Amazon during the same period. 5 Comparisons with empirical data indicate that climate variability and CO 2 fertilization explain most of the variation in net carbon storage for the undisturbed ecosystems. Our analyses suggest that assessment of the regional carbon budget in the tropics should be made over at least one cycle of El Niño-Southern Oscillation because of interannual climate variability. Our analyses also suggest that proper scaling of the site-specific and subannual measurements of carbon fluxes to produce Basin-wide flux estimates must take into account seasonal and spatial variations in net carbon storage.
INTRODUCTION
We do not yet understand how the annual global carbon budget is balanced (Melillo et al. , 1996a; Schimel et al. , 1996) . The net carbon balance for tropical land ecosystems remains one of the largest uncertainties in the global carbon budget (Brown et al. , 1993; Melillo et al. , 1996b) . This is because of the uncertainty in the estimates of net carbon fluxes: (a) between the land and the atmosphere associated with deforestation; and (b) between the atmosphere and undisturbed tropical ecosystems. While considerable effort has been put into estimating the effects of tropical deforestation on the global carbon budget (e.g. Houghton, 1991; Hall et al. , 1995; Melillo et al. , 1996b) , little work has been done to improve our understanding of the role of undisturbed tropical ecosystems in the global carbon budget. Are these ecosystems accumulating carbon? If yes, is the rate of carbon accumulation affected by interannual climate variability and year-to-year increases in atmospheric CO 2 concentration? Answers to these and related questions will help us to improve our understanding of the annual global carbon budget.
The Amazon Basin contains almost one-half of the world's undisturbed tropical forests as well as large areas of tropical savanna (Melillo et al. , 1996b; Fearnside, 1997; Keller et al. , 1997) . The forests of the Basin are important in the global carbon cycle (Grace et al. , 1995; Fearnside, 1997; Keller et al. , 1997) . They account for about 10% of the world's terrestrial primary productivity and for a similar percentage of the carbon stored in land ecosystems (Melillo et al. , 1993) . These ecosystems have experienced substantial climate variability associated with El Niño-Southern Oscillation events (Nicholls et al. , 1996) . Understanding the response of the Amazon's undisturbed ecosystems to climate variability and increasing atmospheric CO 2 is therefore a critical step to reduce uncertainty in the global carbon cycle (LBA Science Planning Group, 1996) .
Four major approaches have been used to evaluate the biosphere-atmospheric exchange of CO 2 in the natural ecosystems of tropics: (1) forest biomass inventories; (2) eddy covariance measurements; (3) inverse modelling; and (4) spatially explicit ecosystem modelling. The forest biomass inventories provide an estimate of the actual accumulation of carbon in forests from all causes (Brown & Lugo, 1992; Fearnside, 1997; Phillips et al. , 1998) . The combination of effects considered in biomass inventories include forest regrowth following disturbance as well as enhanced growth of undisturbed systems due to climate changes, CO 2 fertilization and nitrogen deposition (Dixon et al. , 1994; Houghton, 1996) . While very informative, forest inventory data cannot help us to isolate the effects of interannual climate variability and increasing atmospheric CO 2 on net carbon storage.
Recently, there has been increasing interest in estimating net CO 2 exchange in tropical ecosystems based on eddy covariance measurements (Fan et al. , 1990; Grace et al. , 1995 Grace et al. , , 1996 Miranda et al. , 1997; Malhi et al. , 1998) . The eddy covariance approach is capable of detecting small changes in net CO 2 exchange between terrestrial ecosystems and the atmosphere over various time scales from seconds to months to years (Baldocchi et al. , 1996) . The site-based measurements of CO 2 exchange over undisturbed tropical forests have indicated that these undisturbed ecosystems are an important sink of atmospheric CO 2 (Fan et al. , 1990; Grace et al. , 1995) . However, the regional extrapolation of carbon-storage capacity from a single field site to the whole Basin has been based on an assumption of homogeneity in ecosystem functioning across this region (Fan et al. , 1990; Grace et al. , 1995 Grace et al. , , 1996 . The net carbon exchange between the biosphere and the atmosphere at the regional scale, however, can be very different from the product of a site-specific rate of exchange and the area of the region. This is so because of substantial spatial heterogeneity of vegetation and its disturbance history, soil and climate (Tian et al. , 1998a) .
To estimate carbon exchange between the atmosphere and the biosphere at the regional or global scale, the inverse modelling approach has been used widely (Keeling et al. , 1989 Tans et al. , 1990; Ciais et al. , 1995; Enting et al. , 1995; Fan et al. , 1998; Rayner et al. , 1999) . Scientists use the inverse modelling approach to infer terrestrial carbon sources or sinks based upon 3-dimensional atmospheric tracer transport models and CO 2 records from atmospheric observations, fossil fuel combustion and tropical land-use change data. While this approach is very powerful, it does have some shortcomings. First, uncertainty in each of these factors can affect the accuracy of results of inverse modelling studies. Secondly, the inverse modelling approach cannot provide an explanation of the underlying causes of seasonal and interannual variability of CO 2 fluxes between the biosphere and atmosphere. Finally, the use of inverse modelling in assessing regional carbon budgets can be limited because of sparse CO 2 data over a region.
The spatially explicit ecosystem modelling approach has been used widely to assess how largescale terrestrial ecosystems respond to changing climate and atmospheric composition (Melillo et al. , 1993; Vemap Members, 1995; Schimel et al. , 1996; Cao & Woodward, 1998; Tian et al. , 1998a Tian et al. , , 1999 . This ecosystem modelling approach avoids many of the limitations of forest biomass inventories, eddy covariance measurement and inverse modelling by accounting for ecosystem processes and spatial variations in environmental factors. Theoretically, the use of the spatially explicit ecosystem modelling approach provides us with the ability to determine the relative roles of climate and CO 2 on carbon storage. This approach also has its own limitations because of the uncertainties associated with estimates of key model parameters as well as incomplete understanding of ecosystem processes (Tian et al ., 1998b; Cramer et al. , 1999) .
In this study, we used a transient version of the Terrestrial Ecosystem Model (TEM 4.1) to explore the underlying causes of substantial year-to-year variations in net carbon storage. We investigated how interannual variations in net carbon storage during the period 1980-94 are related to year-to-year variations in the seasonality of temperature and precipitation. In addition, we investigated how spatial variations in net carbon storage are related to the distribution of vegetation and differences in the responses of various vegetation types to interannual climate variability and increasing atmospheric CO 2 concentrations. Through comparing our results with results of other studies based on forest biomass inventories, eddy covariance measurements and inverse modelling approaches, we evaluated our modelled results and identified key information gaps that can be filled by appropriate observation and research programmes.
METHODOLOGY The Terrestrial Ecosystem Model
The TEM is a process-based biogeochemical model that uses spatially referenced information on climate, elevation, soils and vegetation to make monthly estimates of important carbon and nitrogen fluxes and pool sizes. The TEM can be used either in equilibrium mode (McGuire et al. , 1992 (McGuire et al. , , 1997 Melillo et al. , 1993; Vemap Members, 1995) or transient mode (Melillo et al. , 1996b; Tian et al. , 1998a Tian et al. , , 1999 Xiao et al. , 1998; Kicklighter et al. , 1999) . In TEM, the net carbon exchange between the terrestrial biosphere and the atmosphere is represented by net ecosystem production (NEP), which is calculated as the difference between net primary production (NPP) and heterotrophic respiration (R H ). Net primary production is calculated as the difference between gross primary production (GPP) and plant respiration (R A ). Gross primary production represents the uptake of atmospheric CO 2 during photosynthesis and is influenced by light availability, atmospheric CO 2 concentration, temperature and the availability of water and nitrogen. Plant respiration includes both maintenance and construction respiration, and is calculated as a function of temperature and vegetation carbon. The flux R H represents microbially mediated decomposition of organic matter in an ecosystem and is influenced by the amount of reactive soil organic carbon, temperature and soil moisture. The annual NEP of an ecosystem is equivalent to its net carbon storage for the year.
For regional or global extrapolation with TEM, we use spatially explicit input datasets of vegetation, elevation, soil texture, mean monthly temperature, monthly precipitation and mean monthly solar radiation. The input datasets are gridded at a resolution of 0.5 ° latitude × 0.5 ° longitude. In addition to the input datasets, TEM also requires soil-and vegetation-specific parameters appropriate to a grid cell. Although many of the parameters in the model are defined from published information, some of the vegetationspecific parameters are determined by calibrating the model to the fluxes and pool sizes of an intensively studied field site. The data used to calibrate the model for different vegetation types are documented in previous work (Raich et al. , 1991; McGuire et al. , 1992 McGuire et al. , , 1995 Tian et al ., 1999) . To apply TEM to a transient scenario of atmospheric CO 2 and /or climate it is necessary, first, to run the model to equilibrium with a longterm baseline climate appropriate to the initial year of the simulation. Detailed documentation on the development, parameterization and calibration of the transient version of TEM has been published in previous work (Xiao et al. , 1998; Tian et al. , 1999) .
Input data
In the Amazon Basin, defined here as the combined area of the Amazon and Tocantins river Basins, the total area of upland ecosystems is 6.9 × 10 12 m 2 . For modelling purposes, we have divided the Basin into 2356 grid cells with a spatial resolution of 0.5 ° latitude by 0.5 ° longitude. In this study, vegetation, soil, elevation and cloudiness are assumed not to vary from year to year so we use the same input datasets as previous equilibrium studies with TEM (e.g. McGuire et al. , 1997) . From our potential vegetation dataset (Melillo et al. , 1993) , we estimate that tropical evergreen forest, tropical savanna and tropical deciduous forest cover 73%, 13% and 5%, respectively, of the total area in the Basin. Other ecosystem types cover only 9% of the total area (Fig. 1a) . The vegetation dataset is based on the UNESCO vegetation map of South America (UNESCO, 1981) .
We used the recent global land cover data of the International Geosphere-Biosphere Program (Loveland & Belward, 1997) as a mask to determine the area of undisturbed ecosystems in the Amazon Basin to account for land-cover conversions such as forest to cropland. The IGBP land cover dataset was based on 1-km AVHRR data spanning April 1992 to March 1993, which represents the state of land cover in the early 1990s. To match the resolution of our other spatially explicit databases, we aggregated the IGBP land cover database to a resolution of 0.5 ° longitude and 0.5 ° latitude by calculating the percentage of cropland and urban areas in each 0.5 ° × 0.5 ° grid cell (Fig. 1b) . Based on this land cover dataset, we estimate that cropland and urban areas in the Amazon Basin during 1992/1993 are 729.6 × 10 9 m 2 and 0.3 × 10 9 m 2 , respectively. Most croplands were located in the south-eastern Amazon on land formerly covered by tropical savannas (Fig. 1b) . In the early 1990s, undisturbed ecosystems still covered most of the Basin (89.2%). Undisturbed forests are estimated to cover about 5.4 × 10 12 m 2 or 91.5% of their potential areas (5.9 × 10 12 m 2 ). This estimate is close to the estimate of Fearnside (1997) .
The elevation data represent a 0.5 ° aggregation of the 10 ′ NCAR/Navy (1984) data. Soil texture is based on the FAO/CSRC digitization of the FAO-UNESCO soil map. Mean monthly cloudiness in this study are from the global datasets of Cramer and Leemans (Wolfgang Cramer, pers. comm.) , which is a major update of Leemans & Cramer (1991) . Monthly percentage cloudiness is calculated as 100 minus monthly percentage sunshine duration in the Cramer and Leemans database.
The transient input data include increasing atmospheric CO 2 concentration (Enting et al. , 1994) and the gridded historical monthly data of temperature and precipitation during 1900-94. For this study, we do not consider seasonal or spatial variability of atmospheric CO 2 concentration. The historical (1900 -94) temperature data are developed from the temperature anomalies of Jones (1994) and the long-term temperatures of the Leemans and Cramer CLIMATE database (Leemans & Cramer, 1991, Cramer, pers. comm.) by the Max-Planck Institute for Meteorology. The historical (1900-94) precipitation data are developed from the precipitation anomalies of Hulme (1995) and the long-term precipitation data of the Cramer and Leemans CLIMATE database by the Max-Planck Institute for Meteorology. Both the temperature anomalies and the precipitation anomalies were interpolated and gridded to a resolution of 0.5 ° × 0.5° by the Max-Planck Institute for Meteorology (Heimann, pers. comm.) .
The historical climate data show that the Amazon Basin experienced substantial interannual variations and spatial variations in temperature and rainfall during the study period, which are tightly associated with El Niño-Southern Oscillation. Based on a 5-month moving average of the average sea surface temperature anomaly within the tropical Pacific region 4°S-4°N, 150°W-90°W (Kiladis & Diaz, 1989) , we classified each year from 1980 to 1994 as being in one of three phases: El Niño (warm phase), La Niña (cold phase) and Neutral (no ENSO event). Over the past 15 years, El Niño occurred in 1982/ 1983, 1986/1987 and 1991/1992 
The simulation experiments
Two transient simulations with TEM were run: one considering the climate and CO 2 transients together, and one considering only the climate transient. A comparison of these two runs was used to determine the effect of CO 2 fertilization on carbon storage. All other model analyses were based on the combined climate and CO 2 transient run. For both transient runs, we assumed that the Amazonian ecosystems were at equilibrium before 1900. To use TEM for the transient simulations, we first ran the model to equilibrium with baseline climate data and a constant atmospheric CO 2 concentration of 296 p.p.m.v., the value for 1900. The climate baseline was the mean climate for 1900-30. For the climate transient runs, the historical temperatures and precipitation between 1900 and 1994 were used as inputs. For the climate and CO 2 transient run, the historical data of atmospheric CO 2 concentration, temperature and precipitation between 1900 and 1994 were used as inputs. The other input data for both transient runs were the same.
RESULTS

An increase in terrestrial carbon stocks between 1980 and 1994
Based on the TEM simulations, we estimate that the total carbon stock for undisturbed ecosystems in the Amazon Basin in 1980 was about 127.6 Pg C, with about 94.3 Pg C in vegetation and 33.3 Pg C in the reactive soil organic carbon pool (Table 1) . Tropical evergreen forest contained 83% of the total carbon. Two other major biomes, tropical savanna and tropical deciduous forest, contained 5.0% and 3.5% of total carbon, respectively. Our estimate of mean vegetation carbon density for undisturbed forests in the Basin, 14 kg C/m 2 , is in the range of 13.6 to 14.9 kg C/m 2 reported for tropical forest vegetation in Latin America (Brown & Lugo, 1992; Fearnside, 1992) . In previous work we assumed that biologically reactive soil carbon is 60% of total soil organic matter (McGuire et al., , 1997 Melillo et al., 1995) . Using this assumption here, we estimate mean Basin soil organic matter content to be 9.3 kg C/m 2 ; a value which is close to the estimate of 10.3 kg C/m 2 reported by Moraes et al. (1995) . The TEM simulations also indicate that carbon storage in the Amazonian ecosystems varies across the Basin, which is in agreement with field measurements (Brown et al., 1995; Kauffman et al., 1995) .
Our model results show that in response to climate variability and increasing atmospheric CO 2 (Table 1) . More than half the increase, 1.9 Pg C, was in the vegetation. One biome, tropical evergreen forest, which occupies almost three-quarters of the Basin, accounted for about 84% of the increase.
Interannual and within-year variations in net ecosystem production
The annual NEP for the Basin showed substantial year-to-year variations for the period 1980-94, according to the TEM simulations (Fig. 2) . The Basin-wide NEP values were negative for the El Niño years of 1983, 1987, 1991 and 1992 . For the other years between 1980 and 1994, the NEP values for the Basin were positive. Over the 15-year period, the Basin-wide annual NEP ranged from − 0.2 Pg C to + 0.7 Pg C. Variations in NEP across years are coupled tightly to variations in climate, particularly precipitation. For the tropical evergreen forest biome, the dominant biome in the Basin, annual NEP for the 15-year period was significantly correlated with annual precipitation (R = 0.63, P < 0.0001).
Variations of NEP within years are also tightly coupled to variations in precipitation. For the Basin as a whole, monthly NEP is strongly correlated with monthly precipitation (R = 0.88, P < 0.00001) (Fig. 3a) .
While there are complex patterns of wet and dry periods within the Basin, there is a general seasonal character to precipitation across the Basin. Between July and October the whole Amazon Basin appears to be relatively dry, whereas in the other months it is relatively wet. The TEM simulations show that, over the past 15 years, NEP for the Basin was generally negative during the dry months and positive during the wet months.
A closer look at the monthly simulation results reveals that the effects of changes in precipitation on NEP are greater in the dry season than in the wet season. For the dry season, the correlation between precipitation and Basin-wide NEP is strong (R = 0.79, P < 0.001) and the slope is relatively steep (Fig. 3b) . For the wet season, the correlation is weaker (R = 0.60, P < 0.01) and the slope is relatively shallow (Fig. 3c) . These results suggest that a small decrease in precipitation during the dry season can lead to a substantial decrease in NEP, while a similar decrease in precipitation during the wet season might not affect NEP nearly as much. For example, although annual precipitation decreased in the non-El Niño years of 1980 and 1990, annual NEP remained positive because there was no obvious decrease in precipitation during the dry season.
Over the entire year, tropical savannas show much larger amplitude in monthly NEP than tropical evergreen forests. For both biomes, the correlation between monthly NEP and monthly precipitation is strong (Fig. 4) , but the slope for tropical savannas is steeper than the slope for tropical evergreen forests. This result suggests that dry season NEP in savannas is particularly sensitive to precipitation amount.
Dynamic spatial patterns of net ecosystem production
In any year over the past 15 years, net ecosystem production can be very large in one location but very small or negative in another location because of the spatial heterogeneity of vegetation, soils and climate (Fig. 5) . Locations with large positive annual NEP are often those that receive a high amount of precipitation. In contrast, locations with negative NEP are often those that receive little precipitation. Year-to-year changes in spatial pattern of NEP were most probably caused by changes in the spatial pattern of precipitation, which can be changed dramatically by the El Niño events (Vörösmarty et al., 1996) .
In El Niño years much of the Amazon region releases carbon to the atmosphere, i.e. negative annual NEP. The magnitude and location of this negative annual NEP varied among El Niño events. In the El Niño year of 1987, most of the Amazon Basin acted as a carbon source to the atmosphere. In 1983 and 1992 the western and eastern parts of the Basin acted as carbon sources to the atmosphere, but some of the central parts of the Basin acted as carbon sinks. These NEP patterns reflect the complex patterns of precipitation that change among El Niño years.
Influence of climate variability on net primary production and heterotrophic respiration
Net ecosystem production is the balance between NPP and R H . The TEM simulations indicate that climate variability affects NEP primarily by affecting NPP, and that the primary climate driver is precipitation. Increases in monthly precipitation are associated strongly with monthly NPP (R = 0.88, P < 0.0001) and only moderately associated with R H (R = 0.68, P < 0.001) (Fig. 6 ). Precipitation has its greatest effect on NPP during the drier part of the year. It is interesting to note that monthly NPP tends to decrease when monthly precipitation is greater than 300 mm for the Basin. Monthly R H is positively correlated with monthly precipitation for the entire range of precipitation. This combination of responses to precipitation above 300 mm leads to a decrease in NEP for the Amazon Basin (Fig. 3a) as well as for the two major biomes (Fig. 4) . The TEM simulations indicate that the differences in monthly NEP between the El Niño phase and the Neutral phase were caused primarily by changes in monthly NPP (Fig. 7 ).
Differences in monthly R H between the El Niño phase and the Neutral phase were very small (Fig. 7b) . Monthly NPP during the period July to December in the El Niño phase were much lower : 1982 /1983 , 1987 /1988 . La Niña year: 1989 Regions that act as a source of atmospheric carbon (i.e. annual NEP is negative) are designated with shades of brown, red or yellow and regions that act as a sink of atmospheric carbon (i.e. annual NEP is positive) are designated with shades of blue or green. than corresponding monthly NPP in the Neutral phase (Fig. 7a) . During this period in El Niño years the Basin was much drier (Fig. 7d) , but only slightly warmer (Fig. 7e) .
Our analysis further indicates that the response of NPP to variations in precipitation and temperature is very tightly coupled with soil moisture, M V (Fig. 8 : R = 0.82, P < 0.001) and net nitrogen mineralization, NMIN ( (R = 0.72, P < 0.01) and moderately correlated with NMIN (R = 0.56, P < 0.05). Annual mean temperatures are significantly correlated with M V (R = -0.65, P < 0.01). In addition, changes in precipitation combined with changes in temperature can affect M V , which further influences NMIN (Fig. 8 , R = 0.84, P < 0.0001). Thus, a reduction in soil moisture can lead to a decrease in NEP by directly affecting NPP and indirectly affecting NPP by reducing nitrogen availability.
Interannual variations of CO 2 fertilization effect
Climate variability coupled with CO 2 fertilization generally resulted in a higher annual NEP than did climate variability without CO 2 fertilization (Fig. 9) . The strength of the CO 2 fertilization effect for the Amazon Basin showed year-to-year variations with a range from 0.1 to 0. Interannual variations in the CO 2 fertilization effect were primarily caused by interannual climate variations, even though the growth rate of atmospheric CO 2 concentration also showed yearto-year variations . Both drought stress and warmer temperatures can influence the strength of the CO 2 fertilization effect. Although the Basin-wide annual NEP in the El Niño years of 1983, 1987, 1991 and 1992 was negative, the Basin would have been a larger source of CO 2 to the atmosphere without the CO 2 fertilization effect. However, the net effect of the CO 2 fertilization on NEP during the dry years, calculated as the difference in NEP between the two experiments (climate with CO 2 and climate only), was greater than the mean net CO 2 effect for the entire period 1980-94. Carbon loss induced by drought stress can be partially compensated by the CO 2 fertilization effect through improving plant water use efficiency.
DISCUSSION
Comparison with other types of carbon storage estimates
Our results are comparable to three other types of carbon storage estimates, i.e. forest biomass inventory (Phillips et al., 1998) , eddy covariance measurement (Fan et al., 1990; Grace et al., 1995) and inverse modelling (Rayner et al., 1999) . Phillips et al. (1998) estimated that the Amazonian forests have accumulated 0.62 ± 0.37 t C/ha/year during 1975 -96, based on the forest biomass inventory approach at 40 forest sites in Amazonia. The TEM-based estimate indicated that climate variability coupled with rising atmospheric CO 2 led to a net carbon uptake of 0.42 t C/ha/year for the forests in the Basin during 1980-94, which is in the range of carbon storage estimated by the forest inventory approach (Phillip et al., 1998) .
The TEM-derived estimates of NEP are consistent with the eddy covariance measurements in two forest sites and one savanna site in the Basin (Tian et al., 1998a) . The model-derived estimate was the same as the field estimate for the forest in Rondônia, western Amazon (Grace et al., 1995) and 16% lower than the field estimate for the forest near Manaus in the central Amazon (Fan et al., 1990) . Finally, the TEM estimate was 22% lower than the field estimate for the savanna at the Reserva Ecológica de Águas Emendadas, Brazil (Miranda et al., 1997) . Rayner et al. (1999) used inverse modelling to estimate that the Amazon region was a small net sink of CO 2 , about 0.1 Pg C/year, for the period 1980-95. The inversion results of net carbon flux are the sum of all mechanisms affecting the source and sink of atmospheric CO 2 . Our estimate indicated that the undisturbed Amazonian ecosystems, on average, acted as a net carbon sink of 0.2 Pg C/year. This is the same order of magnitude as the estimates of the net annual release of carbon to the atmosphere from deforestation in this region during the period from the 1970s to the 1990s. For the 1970s, Skole (1992) estimated the release of carbon from the Brazilian Amazon to be 0.1 Pg/year due to deforestation. For the early 1990s, Fearnside (1997) estimated that the deforestation-caused release of carbon from the Brazilian Amazon rose to 0.3 Pg/year. Thus, the net carbon storage for the Basin is almost in balance. In summary, the TEM-based estimates of carbon storage are generally consistent with the other three types of carbon storage estimates.
Controls on annual carbon storage in tropical land ecosystems
Understanding the responses of ecosystem processes to climate variability is essential for reducing the uncertainty in the estimates of CO 2 exchange between the biosphere and atmosphere. On an annual basis, our analyses have indicated that precipitation, especially the amount falling in the drier part of the year, is the primary factor influencing annual carbon storage in the Amazon Basin.
Our analysis further indicates that changes in precipitation combine with changes in temperature to affect soil moisture, a factor we have identified as an important controller of carbon storage in the Amazon Basin. Reduction in soil moisture can lead to a decrease in net ecosystem production through influencing the availability of nitrogen (Raich et al., 1991; Neill et al., 1997) .
A significant cooling can also cause an increase in net ecosystem production through reducing moisture loss as well as decreasing R H . Within a year, seasonality in precipitation (but not temperature) is an important control on net ecosystem production in the Basin. Net primary production and net ecosystem production are very sensitive to changes in precipitation during the dry season. The modelled result agrees with the CO 2 flux measurements that show reduced photosynthesis during drier months in both tropical savanna (Miranda et al., 1997) and tropical evergreen forests . Besides complex seasonal variations in precipitation, precipitation also appears to exhibit substantial spatial variations (Dickinson, 1987; Eltahir & Bras, 1994; Vörösmarty et al., 1996; Zeng, 1999) . These year-to-year changes in seasonality and spatial distribution of precipitation across the Basin are clearly important for estimating annual carbon storage at a regional scale.
Our results are comparable to other processbased ecosystem modelling studies, which investigated the transient responses of carbon storage to climate variability. For example, Kindermann et al. (1996) indicated that interannual temperature variations on a global scale cause the main effects on annual NEP. With reference to the consequences for NEP of precipitation changes in the tropics, Kindermann et al. (1996) indicated that the drier tropical systems, including the drought-deciduous forests, are affected most. Analysis of the TEM data for the major vegetation types in the Basin indicates that while changes in precipitation resulted in the largest relative changes in net carbon storage per unit area in the dry ecosystems, the largest absolute changes in net carbon storage per unit area occurred in the moist and wet forests of the Basin. A recent modelling study also showed that net ecosystem production in the tropical moist forests was largely controlled by rainfall and soil moisture (Potter & Klooster, 1998) .
Our results showed that NPP appears to be very sensitive to changes in precipitation, but R H shows much less response to changes in this climate parameter. The lower sensitivity of R H is consistent with other modelling studies, which suggest that R H in tropical ecosystems does not respond as strongly to drought stress as does NPP (Kindermann et al., 1996; Potter & Klooster, 1998) . The difference in the timing and magnitude between NPP and R H responses to climate variability can regulate the interannual variations in NEP. Thus, modelled results suggest that an important priority for field studies is to investigate the mechanisms responsible for the relatively low sensitivity of R H to climate variability in the tropics.
Other studies in middle and high latitudes have suggested that warm temperatures cause increases in nitrogen availability to lead in turn to increased net ecosystem production (McGuire et al., 1992; Shaver et al., 1992; Melillo et al., 1993 Melillo et al., , 1995 Tian et al., 1999) . The analysis of Braswell et al. (1997) suggested that the terrestrial response to changes in temperature results in either enhanced plant production, reduced heterotrophic respiration, or both, such that global NEP is positive about 2 years after an El Niño event. These observations and analyses indicated that interactions among ecosystem processes are important in controlling the carbon cycle. A study in Rondônia, Amazon Basin, suggests that although nitrogen mineralization is insensitive to interannual variations in temperatures, it is strongly associated with interannual changes in precipitation (Neill et al., 1997) . Clearly, it is important to conduct field experiments and observations for advancing our understanding of the interactions between the carbon and nitrogen cycles in the tropics.
Previous studies have indicated that CO 2 fertilization represents an important part of carbon storage in terrestrial ecosystems (Mooney et al., 1991; Tian et al., 1998a Tian et al., , 1999 Kicklighter et al., 1999) . Our analysis indicates that interannual climate variability could alter the effect of CO 2 fertilization on net ecosystem production. Also, carbon loss associated with drought stress can be partially compensated by the effect of CO 2 fertilization through improving plant water use efficiency (Mooney et al., 1991; Melillo et al., 1995; Luo et al., 1994) . The responses of TEM to increasing atmospheric CO 2 indicate that nitrogen availability represents a major constraint on the ability of terrestrial ecosystems to incorporate elevated CO 2 into production (Melillo et al., 1993 McGuire et al., 1997; Pan et al., 1998; Kicklighter et al., 1999; Tian et al., 1999) . The modelled results suggest that the effect of CO 2 fertilization in the tropics strongly depend on moisture availability and nitrogen availability. To elucidate whether these results are reasonable requires expanded research on the responses of tropical plants and ecosystems to elevated CO 2 under different soil moisture and soil fertility regimes.
Uncertainty still exists in the understanding of factors and mechanisms controlling annual carbon storage in the tropics. Some studies have indicated that photosynthetically active radiation (PAR) varies substantially within and among years (Raich et al., 1991; Clark & Clark, 1994) , which may be associated with interannual variations in cloud cover. A low rainfall year may be also associated with less cloud cover. Finally, the dependence of tropical ecosystems on soil moisture might also be decreased through 'deep root' systems in tropical forests (Nepstad et al., 1994; Kleidon & Heimann, 1998) . A 'deep root' system may reduce drought stress during the dry season or El Niño years. However, adequate data to evaluate the role of 'deep roots' in regulating the carbon cycle for the entire Amazon Basin are lacking.
Implications for the global carbon budget
Our results suggest that releases of CO 2 from tropical deforestation in the Basin were almost balanced by CO 2 uptake by undisturbed ecosystems. Many authors have used atmospheric tracer transport models and CO 2 records derived from atmospheric observations, fossil fuel combustion and tropical land-use change to infer that the 'missing' sink is located in the middle latitudes of the northern hemisphere (Tans et al., 1990; Ciais et al., 1995; Denning et al., 1995; Fan et al., 1998) . In those analyses, the net flux of CO 2 between the tropics and the atmosphere is an important term for inferring the magnitude of the 'missing' carbon sink in the middle latitudes. Previous studies have not accounted for carbon uptake by undisturbed ecosystems in the tropics. If our estimate of net carbon storage during 1980-94 by undisturbed ecosystems in the Amazon can be generalized to the rest of the tropics, then the magnitude of the carbon sink for the middle latitudes must be much smaller than previously calculated.
The net exchange of carbon dioxide between tropical land ecosystems and the atmosphere could be influenced by interannual variations in climate that could cause this region to function as a carbon sink in some years and a carbon source in other years. Thus, regional carbon budget assessments based on a single year of measurements must be viewed with caution. Our results suggest that a proper assessment of regional carbon budgets in the tropics should be made over at least a cycle of the El Niño-Southern Oscillation to account for temporal and spatial variations in climate. In addition to the effects of increasing atmospheric CO 2 and climate variability, annual carbon storage can also be influenced by nitrogen deposition (Melillo et al., 1996c) , regrowth on abandoned land (Skole & Tucker, 1993) , tropical deforestation, and fire (Nepstad et al., 1999) . Although climate variability mainly determines the signal of terrestrial carbon fluxes on seasonal and interannual time scales, on time scales of decades or centuries, vegetation dynamics following disturbances might play an important role in controlling carbon storage (Woodward & Beerling, 1997; Tian et al., 1998b) . Our next step will include explicitly natural and human disturbances as well as ecosystem dynamics in the assessment of regional carbon budgets.
Managing the global carbon cycle is now firmly on the world's environmental agenda. We have a compelling need to understand the components of the global carbon budget and how natural climate variability and human-induced climate changes affect them. Tropical ecosystems play a major role in the global carbon budget. We estimate that they store 47% of the biosphere's land carbon and that they account for 59% of land-based net primary production . Currently, changes in land cover and land use that result in carbon release are occurring at unprecedented rates in the tropics (Brown et al., 1993; Hall et al., 1995; Houghton, 1996; Melillo et al., 1996b) . Moreover, largescale tropical deforestation is leading to a loss of carbon sink capacity in undisturbed tropical ecosystems. From the perspective of managing the global carbon cycle, therefore, it is of critical importance to protect tropical forests.
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